Abstract Exposure to environmental pollutants, such as polycyclic aromatic hydrocarbons (PAHs) found in coal tar mixtures and tobacco sources, is considered a significant risk factor for the development of heart disease in humans. The goal of this study was to determine the influence of PAHs present at a Superfund site on human coronary artery endothelial cell (HCAEC) phospholipase A 2 (PLA 2 ) activity and apoptosis. Extremely high levels of 12 out of 15 EPA high-priority PAHs were present in both the streambed and floodplain sediments at a site where an urban creek and its adjacent floodplain were extensively contaminated by PAHs and other coal tar compounds. Nine of the 12 compounds and a coal tar mixture (SRM 1597A) activated group IVC PLA 2 in HCAECs, and activation of this enzyme was associated with histone fragmentation and poly (ADP) ribose polymerase (PARP) cleavage. Genetic silencing of group IVC PLA 2 inhibited both 3 H-fatty acid release and histone fragmentation by PAHs and SRM 1597A, indicating that individual PAHs and a coal tar mixture induce apoptosis of HCAECs via a mechanism that involves group IVC PLA 2 . Western blot analysis of aortas isolated from feral mice (Peromyscus leucopus) inhabiting the Superfund site showed increased PARP and caspase-3 cleavage when compared to reference mice. These data suggest that PAHs induce apoptosis of HCAECs via activation of group IVC PLA 2 .
Introduction
Coal tar, a byproduct of anoxic combustion of coal to produce coal gas and coke, is composed of monocyclic, polycyclic, and heterocyclic aromatic hydrocarbons (Dabestani et al. 1999; Mackay et al. 1992; Mueller et al. 1989) . Extensive coal tar contamination of soil, sediments, and water has occurred at many former manufactured gas plant sites across the United States where coal tar was produced, including one site in Chattanooga, TN (Mackay et al. 1992) . A 4 km stretch of urban Chattanooga Creek and its surrounding floodplain were contaminated by wastes from a nearby manufactured gas plant that operated from 1918 to 1987 (US 1999 Davis 1992) . This stretch of the creek has been designated as a Superfund site by the US Environmental Protection Agency (US EPA) because of concerns about the health risks for people living in or near the floodplain (Davis 1992) . Between 1997 and , the US EPA dredged the contaminated streambed sediments from 1.6 km of the creek, down to the bedrock (IT Corporation 1999) . Dredging of the remaining 2.4 km of the contaminated streambed is currently underway. The creek floodplain was not a part of any remedial action. Within the 100-year floodplain of the contaminated portion of the creek are numerous single-family residences, a high school, and several elementary schools. No studies to date have addressed the health hazards related to exposure to polycyclic aromatic hydrocarbons (PAHs) in the creek or floodplain, but it is clear that there is potential for residents to come in contact with high levels of PAHs at this site and at other sites where coal tar was disposed of in creeks or floodplains.
Linked to industrial pollution, atherosclerosis and subsequent acute myocardial infarction are the leading cause of death in industrialized nations (Donaldson et al. 2001; Howard et al. 1998) . PAHs are important environmental pollutants that have been implicated in atherosclerosis associated with urban pollution (Donaldson et al. 2001) . Treatment of mice with benzo(a)pyrene (B[a]P) or dimethylbenzanthracene induces bioactivation of drug-metabolizing enzymes and irreversible binding of hydrocarbon metabolites to endothelial cells (EC). These data suggest that PAHs may augment atherosclerosis by a process that involves EC damage (Granberg et al. 2003) , possibly via apoptosis. The importance of apoptotic cell death to the atherosclerotic process is well documented (Dimmeler et al. 1998; Geng and Libby 1995; Isner et al. 1995) . Apoptosis has been demonstrated to predominate in atherosclerotic plaques of humans, cholesterol-fed rabbits, and hyperlipidemic knockout mice and has been shown to be essential for the development of plaque instability and subsequent atherothrombosis, a process that is critical in acute myocardial infarction. Apoptosis is a gene-directed form of cell death characterized by events that include cellular shrinkage, phosphatidylserine externalization, nuclear condensation, DNA fragmentation, and protein cleavage (Dimmeler et al. 1998; Soldani and Scovassi 2002) . Several of these biochemical events differentiate apoptosis from necrosis. For example, cleavage of poly (ADP)ribose polymerase (PARP) to 89-and 24-kD fragments and histone fragmentation are both useful markers of apoptosis that result from the activities of proteases and endonucleases, respectively (Soldani and Scovassi 2002) .
We have demonstrated recently that 3 PAHs induce apoptosis of human coronary artery endothelial cells (HCAEC): 1-methylanthracene, B(a)P, and phenanthrene (PHEN) induced apoptosis of HCAECs by activation of the phospholipase A 2 (PLA 2 )/arachidonic acid (AA) cascade (Tithof et al. 2002) , a pro-inflammatory pathway linked to apoptosis as well as atherosclerotic vascular disease (Atsumi et al. 1998 (Atsumi et al. , 2000 Capper and Marshall 2001) . PLA 2 s comprise a large and diverse family of enzymes exhibiting different substrate specificities, cofactor requirements, subcellular localizations, and cellular functions. PLA 2 s hydrolyze membrane phospholipids at the sn-2 position to release AA or other fatty acids. AA serves as a substrate for the production of over 100 biologically active lipid mediators. In addition, several fatty acids also act as second messengers important in apoptosis (Capper and Marshall 2001) .
In the present study, sediments in the creek and soils in the floodplain of Chattanooga Creek were sampled for the presence of 15 EPA priority PAHs. These low molecular weight PAHs have typically been ignored for their toxic potential despite the fact that the EPA considers them to be high priority. The explanation for this is that genotoxicity has been considered to be the predominant cause of toxicity of PAHs. These small molecular weight compounds are not genotoxic but rather have epigenetic effects. Upham et al. (1998) published the first paper demonstrating that small 3 ring PAHs induced inhibition of gap junctional communication, a process linked to tumor-promoting activities that does not involve genotoxicity. Subsequent to this, three additional papers were published that extended these observations to 2-6 ring PAHs (Blaha et al. 2002; Upham et al. 1998; Weis et al. 1998) .
The current study focuses on the PAHs found in the highest concentrations in the Chattanooga Superfund site. They were evaluated for their effects on PLA 2 activation and apoptosis of HCAECs in vitro as individual PAHs. To explore the effect of mixtures of organic compounds in coal tar on HCAEC PLA 2 activation and apoptosis, a coal tar sample from the National Institute for Standards and Technology (NIST, Gaithersburg, MD, USA; sample SRM 1597A) was also evaluated. To investigate whether PAHs at the Chattanooga Creek Superfund site were biologically available to mammals and whether on-site PAH exposure could result in vascular apoptosis, liver and aortic tissue was collected from feral mice (Peromyscus leucopus) trapped along the floodplain of the Superfund site and compared to mice from a control upstream site where no PAHs were found.
Materials and methods

Materials
PAHs were obtained from Aldrich (Milwaukee, WI, USA). 1-palmitoyl-2-[arachidonoyl-1-14 C] phosphatidylcholine, [5, 6, 8, 9, 11, 12, 14, 
Methods
Creek sediment and floodplain soil sample extractions for PAHs Streambed sediment grab samples were collected at depths of up to 15 cm at six sites along the Superfund-designated portion of the creek (i.e., the highly contaminated portion) and at two sites upstream of the Chattanooga Creek Superfund site. Using coring devices, floodplain samples were collected from the upper 10 cm of the soils at two locations on either side of the creek in the Superfund site. All samples were transferred to a freezer pending hot solvent extractions of organic compounds as described below. Extraction of PAHs was performed on homogenized subsamples using a commercially available Accelerated Solvent Extractor (ASE 300, Dionex, Sunnyvale, CA, USA). The extraction protocols and quality-control procedures closely followed US EPA Method 3545A (US 2004b). The final solvent extract was concentrated to 2 ml and stored at -20°C pending gas chromatograph/mass spectrometer (GC/MS) analyses. Method blanks and laboratory controls were carried out using the same extraction protocol but with the clean analog floodplain soil from Ooltewah, TN, USA.
Sample extracts were analyzed for 15 US EPA-designated priority PAHs using an Agilent Gas Chromatographer (Model 6890) equipped with an MS (Model 5973N). All PAH compounds were analyzed according to US EPA Method 8270D [IT Corporation]. The peak area for each PAH was calculated using Agilent Chemstation software. Subsequently, the concentration of individual compounds was estimated from their areas under the chromatographic peaks using the internal standard peaks as instrument reference as described in EPA Method 8270D (IT Corporation).
Cell culture
HCAECs were purchased from Clonetics (San Diego, CA, USA) and maintained in microvascular endothelial cell growth medium (Clonetics, San Diego, CA, USA) containing 5% fetal bovine serum (FBS) at 37 o C in an atmosphere of 5% CO 2 /95%O 2 .
PLA 2 activity/AA release HCAECs were seeded into 6-well plates (10 5 cells/well) in growth medium, and at 75% confluence, the cells were prelabeled for 24 h with 0.25 lCi/ml of 3 H-arachidonic acid ( 3 H-AA) or 3 H-oleic acid ( 3 H-OA). On the day of the experiments, the cells were washed twice with Hanks' balanced salt solution (HBSS) and equilibrated for 45 min in HBSS ? 0.1% BSA. Radiolabeled cells were exposed to various concentrations of individual PAHs found in the contaminated section of the Chattanooga creek. The cells were exposed to PAHs or vehicle for 60 min. Cumulative release of 3 H-AA or 3 H-OA into the medium was measured by scintillation counting and the data expressed as percent of total cellular radioactivity. Total cellular uptake of 3 H-fatty acids was greater than 75% as determined in preliminary studies. To examine the effects of a mixture of organic compounds, cells were treated with SRM 1597A, a sample of coal tar obtained from NIST, or vehicle for 60 min. Before treatment with SRM 1597A, toluene was removed via evaporation under nitrogen gas, and the residue was reconstituted in dimethyl sulfoxide (DMSO).
Cell-free PLA 2 activity PLA 2 activity obtained with intact cells was verified with cell-free PLA 2 activity measured in whole cell sonicates as described previously. The conditions of this assay are optimum for activity of group IV PLA 2 enzymes. The cells were washed with Ca 2? -free PBS containing 5 mM EDTA and 1 mM PMSF, resuspended in cold homogenizing buffer (50 mM Tris HCl, pH 7.4, 2 mM EGTA, 0.5 mM Dithiothreitol, 20% glycerol, 1 lg/ml leupeptin, 10 lg/ml aprotinin, 1 mM phenylmethylsulfonylchloride), placed on ice, and sonicated 2 times for 10 s. Light microscopy was used to Arch Toxicol (2011) 85:623-634 625 determine whether the cells were broken. The substrate 1-palmitoyl-2-[arachidonoyl-1-14 C] phosphatidylcholine ( 14 C-AA-PC) was used as a substrate. The substrate was dried under nitrogen and resuspended by sonication in assay buffer (80 mM glycine pH 9.0, 2 mM dithiothreitol, 1 mg/ml BSA) to a final optimum concentration as determined in preliminary experiments. To determine the role of calcium in activation of PLA 2 , assays were performed in the presence of either 5 mM CaCl 2 or 5 mM EGTA. Experiments were also performed in the presence and absence of MAFP, an inhibitor of group IV and VI cytosolic PLA 2 enzymes, or BEL, an inhibitor of group VI enzymes (Lio et al. 1996; Stewart et al. 2002; Zupan et al. 1993) . The experiments were terminated by the addition of chloroform: methanol, 2:1 (v/v), extraction of the chloroform layer, and separation of lipids by thin-layer chromatography. Chromatography was performed in a neutral lipid solvent (hexane: diethyl ether: glacial acetic acid, 7:3:0.2) and the lipids visualized with I 2 vapor. The zones corresponding to fatty acid and phospholipid were cut out and radioactivity determined by scintillation counting.
RT-PCR for group IV PLA 2 gene transcripts Total cellular RNA was isolated from HCAECs (10-20 9 10 6 cells) using NucleoSpin nucleic acid purification kits (Clontech, Palo Alto, CA, USA) according to the instructions of the manufacturer. Reverse transcription of total RNA (2 lg) was performed using the Superscript first-strand synthesis system. The reverse transcription reaction was carried out at 42 o C for 50 min and then terminated by heating at 70 o C for 15 min. PCR was performed in a total volume of 50 ll containing 4 ll of the reverse transcription reaction mixture, 0.2 mM of dNTPs, 0.2 lM of each primer, and 1.25 units of Taq polymerase in PCR buffer (20 mM Tris-HCl, pH 8.4, 50 mM KCl, 1.5 mM MgCl 2 ). The conditions for PCR were an initial denaturation step at 94 o C for 5 min, followed by 34 cycles of 94 o C for 30 s, 60 o C for 30 s, 72 o C for 30 s, and a final extension step at 72 o C for 10 min. As a positive control, glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was also amplified. Additional negative control reactions were performed to ensure that amplification of a gene was not generated from contaminated genomic DNA: one was performed without RNA and the other under conditions to inhibit reverse transcriptase activity. Primers used for PCR were human PLA 2 group IVA (sense, 5 0 -CCAAAATGTCA TTTATAGATCC-3 0 and antisense, 5 0 -CATGAACTA TGCTTTGGGTTTAC-3 0 : GeneBank accession number-NM_024420); human PLA 2 group IVB (sense, 5 0 -ACTG AGTGCCCTGCCCTCTGGTCAAG-3 0 and antisense, 5 0 -T GCCCCATAAAGAACTCGGAGCCAAAGA-3 0 : GeneBank accession number-XM_009980); and human PLA 2 group IVC (sense, 5 0 -AGAAAGAAGAAAAGGCGG CCGTGGAGAGAC-3 0 and antisense, 5 0 -CGGCACTGAA GTCGAAGGAGAGGATGAGGT-3 0 : GeneBank accession number-XM_009119). The PCR products were analyzed on a 1.5% agarose gel.
Group IVC PLA 2 Gene Silencing iRNA sense [r(GAUAAUGAGCAGCCGGAAG)d(TT)] and antisense [r(CUUCCGGCUGCUCAUUAUC)d(TT)] strands specific for group IVC PLA 2 were designed using batch analysis against a target sequence (AAGATAA TGAGCAGCCGGAAG) and synthesized by Qiagen, (Valencia, CA). Oligonucleotides were suspended in serum-free medium with SuperFect reagent and incubated at room temperature for 5-10 min. SuperFect reagent alone and untargeted siRNA served as controls. Cells were washed in PBS and incubated with 3.5 ml/plate of oligonucleotide mixer in medium/10% FBS for 3 h. At the end of the incubation period, the cells were washed with PBS and placed in medium with 10% FBS. To ensure that the protein of interest was silenced, Western blots were performed using an antibody specific for group IVC PLA 2 as described below. To ensure that other cytosolic PLA 2 enzymes were not silenced, two commercially available antibodies that recognize group IVA PLA 2 and group VIA PLA 2 were also used.
3 H-OA release and apoptosis assays were performed in cells treated with PAHs, SRM 1597A, or vehicle; transfected with siRNA; and results compared to responses obtained with vehicle-, PAH-, or SRM 1597A-treated cells transfected with SuperFect reagent alone.
Animal studies
Feral mice (Peromyscus leucopus) were trapped along the floodplain of the Chattanooga Superfund site; and in a control site, traps were set each evening and checked each morning. The trapped animals were transported to the laboratory and anesthetized with CO 2 . The mice were exsanguinated by cardiac puncture after thoracotomy, and the distal aorta, heart, and lungs were excised and perfused with phosphate-buffered saline (PBS) to remove clotted blood. The mice were weighed and the liver, heart, lungs and aorta removed and frozen in liquid nitrogen for Western blot analysis.
PAH exposure analysis
Microsomes were prepared from liver tissue following methods of Trudeau and Maisonneuve (2001) . Briefly, approximately 215 mg of liver was homogenized in phosphate buffer (20% 0.1 M sodium phosphate, 80% 0.1 M potassium phosphate, adjusted to pH 7.4 at 25°C) equal to four times the mass of the sample. This homogenate was then centrifuged at 9,0009 g for 15 min at 4°C to remove cell debris, nuclei, and mitochondria. The supernatant was then filtered through a Sepharose gel column to isolate liver microsomes.
Cytochrome P450 activity was assayed in microsomes following the method of Trudeau and Maisonneuve (2001) . BSA and resorufin were used as standards to determine the total protein content and total cytochrome P450 activity, respectively, in each liver sample. The 7-ethoxyresorufin dealkylation activity was kinetically measured by quantifying the formation of resorufin via fluorescence (excitation and emission were 530 and 590, respectively). The resultant values were protein normalized, and ethoxyresorufin-O-deethylase (EROD) activity was expressed as pmol/min/mg protein.
Apoptosis
For in vitro studies, Western analysis and ELISA were performed for detection of the cleavage products of PARP and histone fragmentation, respectively. For aortic tissue from mice trapped in the floodplain of the Chattanooga Creek, Western blot analysis of tissue homogenates was evaluated using antibodies to PARP and caspase-3.
PARP cleavage was evaluated after treatment with individual PAHs, SRM 1597A, or vehicle (DMSO) for 2 h by preparing crude extracts of protein and suspending them in ice-cold sample buffer (62.5% Tris-HCl, pH 6.8, 6 M urea, 10% glycerol, 2% SDS, 0.003% bromophenol blue, 5% b-mercaptoethanol) containing protease inhibitors. The cells were lysed by sonication on ice for 20 s, 40% duty, and the lysates subjected (40 lg of protein) to 8% SDSpolyacrylamide gel electrophoresis. The proteins were transferred to nitrocellulose membranes via a semi-dry blotting apparatus, and the membrane was blocked in 5% nonfat dry milk in PBS/0.1% Tween 20 and incubated overnight at 4°C with two different anti-PARP antibodies, one that recognizes both the 89-kD fragment and parent protein (Cell Signaling, Beverly, MA, USA) and another that recognizes only the 89-kD cleavage product (Pharmingen, San Jose, CA, USA). Visualization was enhanced by chemiluminescence (ECL).
To quantify the apoptotic effect and to determine the kinetics of PAH-and SRM-1597-A-induced apoptosis, a Cell Death Detection ELISA plus kit (Roche, Indianapolis, IN, USA) for detecting histone fragmentation was used. This assay is based upon a quantitative sandwich-enzyme immunoassay using mouse monoclonal antibodies against DNA and histones that allow for specific quantitative determination of cytoplasmic histone-associated DNA fragments in cell lysates. We have demonstrated previously that histone fragmentation correlates well with morphological measurements of apoptosis (Tithof et al. 2002) . The cells were treated at 80-90% confluence with 30 lM PAHs, 0.8 mg/mL SRM 1597, or vehicle for 2 h and histone fragmentation determined. The cells were washed with warm PBS, lysed and the lysates incubated with antihistone-biotin and anti-DNA-POD at room temperature for 2 h. After washing with incubation buffer, 100 ll of substrate solution was added to develop the color, and measurements were taken at 405 nm using a plate reader.
Apoptosis of aortic tissues collected from mice captured in the floodplain of Chattanooga Creek was evaluated by caspase-3 and PARP cleavage. The tissues were lysed in homogenizing buffer (100 mM NaCI, 50 mM Tris [pH 7.4], 0.5 mM Triton X-100, 1 mM Dithiotreitol, 50 mM NaF, 0.5 mM NaVO 3 , protease inhibitors) and the homogenates spun at 14,000 rpm for 10 min. Western blotting for caspase-3 and PARP cleavage was performed as described above.
Statistical analysis
Data were expressed as mean ± SEM. Analysis of variance was used to analyze the data, and group means compared using the Student-Newman-Keuls test. Appropriate transformations were performed on all data that did not follow a normal distribution (e.g. percent data). If transformation failed to normalize the data, nonparametric statistics (Mann-Whitney rank sum test) were used for data analysis. For comparing the EROD activity between sites, a Student t test was employed. The criterion for statistical significance was P \ 0.05 for all studies.
Results
PAH levels in streambed and floodplain sediments from Chattanooga Creek
Extremely high levels of all PAHs were observed in the streambed sediments. PAHs were also present in soil samples from the adjacent floodplain, but at lower concentrations than in the streambed sediments (Table 1) . Typically, the streambed sediments were black in color and consisted of immiscible-phase coal tar mixed with silty sediments. There was no evidence of coal tar in the silty floodplain soils, and it appeared that the PAHs were sorbed to the soils. and benzo(g,h,i) perylene (B[g]P) were also high and ranged between 268 and 878 mg/g of sediment. In most cases, these concentrations exceed the EPA's preliminary remediation goals for residential and industrial soils (US 2004a). The PAH concentrations were approximately 2-3 orders lower in the floodplain soils relative to PAHs in the streambed sediments. The higher PAH concentrations in the streambed sediments were due to the presence of immiscible phase coal tar within the creek. Similarly, high concentrations in these sediments were reported in other studies (IT Corporation 1999; Vulava et al. 2004 ). The PAHs in the floodplain were most likely derived from sediments that came in contact with the streambed coal tar and were subsequently eroded and deposited in the floodplain during seasonal flood events (Vulava et al. 2004 ). The effects of 12 PAH compounds found in highest concentrations in the soil on endothelial cell PLA 2 activity and apoptosis were determined.
PAH-and coal tar-induced PLA 2 activation and 3 H-fatty acid release from HCAECs Figures 1 and 2 show the effects of 3-ring (Figs. 1a, 2a) , 4-ring (Figs. 1b, 2b) , 5-ring (Figs. 1c, 2c) , and 6-ring PAHs (Figs. 1d, 2d ) and SRM 1597A (Fig. 1e) on (Fig. 1a-e ) and 3 H-OA (Fig. 2a-d) . (Fig. 3a) or PARP cleavage (Fig. 3b-c) . The compounds that failed to induce 3 H-fatty acid release also failed to induce apoptosis (ANTH, CHRY and B[a]A; Fig. 3a) . To seek further evidence that PAH-induced 3 H-fatty acid release was linked to apoptosis, cells were treated with free AA or OA (10 lM) for 2 h and apoptosis determined using histone fragmentation (Fig. 3a) and PARP cleavage (Fig. 3b, c; lanes 11,  12) . Both AA and OA induced significant apoptosis of HCAECs. Treatment with SRM 1597A (0.8 mg/mL) induced PARP cleavage (Fig. 3b, c, lane 13) and significant histone fragmentation that was similar in magnitude to the response obtained with AA and OA (Fig. 3a) .
RT-PCR and Cell-free PLA 2 assays To characterize further the PLA 2 isoforms functioning in HCAECs, RT-PCR and cell-free PLA 2 assays were performed. As seen in Fig. 4a , HCAECs expressed mRNA for at least three group IV PLA 2 isoforms: A, B, and C. PLA 2 activity in HCAEC whole-cell sonicates in the presence and absence of calcium was 14.7 ± 1.3 and 11.8 ± 1.3 mmol/lg protein/min, respectively, and these values were not significantly different from each other. The group IV and VI inhibitor MAFP attenuated PLA 2 activity in the presence and absence of calcium; however, the group VI inhibitor BEL did not (Fig. 4b) .
Silencing of group IVC PLA 2 inhibits 3 H-OA release and apoptosis of HCAECs
The results of the cell-free assays suggested that the predominant PLA 2 activity when 14 C-AA-PC was used as a substrate was calcium independent and inhibited by MAFP. Furthermore, the lack of acyl chain selectivity is consistent with activation of group IVC PLA 2 by PAHs. To test this hypothesis, cells were transfected with siRNA against group IVC PLA 2 and 3 H-OA release and histone fragmentation determined. As shown in Fig. 5a (top blot), transfection with siRNA against group IVC inhibited translation of group IVC PLA 2 , but not the group IVA PLA 2 (middle blot) or group VIA PLA 2 (bottom blot). Silencing also attenuated significantly both 3 H-OA release (Fig. 5b ) and histone fragmentation (Fig. 5c ).
Feral mouse studies
We quantified biological markers indicative of PAH exposure in indigenous mice collected from a contaminated (Superfund) and relatively clean site (control). All of the mice (Peromyscus leucopus) used in this study were adults as defined by size and weight. The weights of the mice trapped along the floodplain of the Superfund site were not different from the weights of mice from the reference site (27.2 ± 1.1 gm vs. 27.0 ± 1.1 gm, respectively). The mice from the contaminated sites had significantly higher cytochrome P450 concentrations than those from the reference site: 59 ± 5 pmol/min/mg compared to 38 ± 8, respectively (P \ 0.05 as indicated by increased EROD activity).
Aortic tissue from mice from the contaminated floodplain exhibited an increase in the cleavage product of PARP (Fig. 6b ) and caspase-3 ( Fig. 6c; lanes 1-3) when compared to mice from the uncontaminated reference area (Fig. 6a and c, lanes 4-6, respectively) . Increased 
Discussion
This study confirms that significant levels of PAHs are present in the Chattanooga Creek Superfund site and the adjacent floodplain as a result of industrial contamination. Nine of the 12 compounds analyzed induced 3 H-fatty acid release in a concentration-dependent manner and apoptosis. One of the PLA 2 isoforms activated by PAHs was the group IVC PLA 2 enzyme. This conclusion is based upon the ability of siRNA against this enzyme, but not untargeted sequences, to attenuate both 3 H-fatty acid release and apoptosis. This is the first report of a role for this enzyme in PAH-induced apoptosis. These data provide compelling evidence that PAHs cause endothelial cell death by a mechanism that involves release of fatty acids from the sn-2 position of membrane phospholipids.
The coal tar mixture SRM 1597A also activated group IVC PLA 2 and induced apoptosis of HCAECs. The effects of this mixture were substantially greater than the individual PAHs, indicating synergistic or additive responses to a complex mixture of PAHs in endothelial cells. Coal tar mixtures have been evaluated previously for genotoxicity and carcinogenicity (Mahadevan et al. 2005 ), but to our knowledge, this is the first report of a non-genotoxic effect of a coal tar mixture on endothelial cells.
All compounds that activated group IVC PLA 2 and induced apoptosis possessed a bay or bay-like region on the molecule. A bay region is a nonlinear/angular condensation of benzo rings, whereas a bay-like region is formed from methyl substitution of linear-condensed molecules (Mackay et al. 1992) . Previous studies suggest that bay or bay-like regions on PAHs are essential for their tumorpromoting activity via inhibition of gap junction communication (Rummel et al. 1999) . Among the 15 compounds studied, only three (ANTH, PYRE, and B[a]A) failed to cause 3 H-fatty acid release or apoptosis. Both ANTH and PYRE are linear compounds lacking the ability to activate PLA 2 or to induce apoptosis. Interestingly, in previous studies, 1-methylanthracene was shown to activate PLA 2 and to induce apoptosis (Tithof et al. 2002) . This compound has a methyl group at the 1-position, which gives it a bay-like region. In contrast, 2-methylanthracene and anthracene, both linear compounds, were inactive. These data suggest that specific structural determinants, namely bay or bay-like regions, are necessary for activation of group IVC PLA 2 and induction of apoptosis in endothelial cells. However, structural determinants alone cannot account for the apoptotic toxicity profile, since B(a)A possesses a bay region but did not activate PLA 2 or induce apoptosis. One explanation for this discrepancy may be the bulkiness of this molecule when compared to the other compounds with bay or bay-like regions.
Group IVC PLA 2 is constitutively expressed in HCAECs (Tithof et al. 2002) . Gene silencing of group IVC PLA 2 significantly attenuated both 3 H-OA release and apoptosis, providing compelling evidence that this enzyme is involved in PAH-induced fatty acid release and apoptotic cell death. An increase in group IVC PLA 2 protein expression was reported in macrophages exposed to Mycobacterium tuberculosis, and this increase in protein expression was associated with apoptotic cell death (Duan et al. 2001 ). In addition, group IVC PLA 2 has been shown to associate with mitochondrial membranes, further supporting a role for this enzyme in the mitochondrial induction of apoptosis (Tucker et al. 2005) .
A role for other PLA 2 isoforms should not be ignored, as groups IVA PLA 2 and VI iPLA 2 have been linked to apoptosis (Atsumi et al. 1998 (Atsumi et al. , 2000 Capper and Marshall 2001) . In a previous study, we showed that benzo(a)pyrene, phenanthrene, and 1-methylanthracene differentially activated three distinct PLA 2 isoforms linked to apoptosis (Tithof et al. 2002) . Moreover, phospholipase C has been shown to cause release of arachidonic acid that was linked to inhibition of gap junctional communication in cultured epithelial cells after treatment with 1-MA (Upham et al. 2008) . The activation of other phospholipase enzymes by PAHs may, in fact, account for different levels of inhibition of 3 H-OA release and apoptosis by different compounds. The molecular mechanism by which PAHs activate group IVC PLA 2 is not known. Many PAHs are known to bind the aromatic hydrocarbon receptor, an action that promotes oxidative stress and apoptosis (Chaloupka et al. RT-PCR analysis of total RNA from human coronary artery endothelial cells using PLA 2 primers was performed as described in ''Materials and methods''. A 10-lL aliquot of the PCR was analyzed on a 1.5% agarose gel containing ethidium bromide. Amplification of glyceraldehyde 3-phosphate dehydrogenase (G3PDH) was performed as a control using the same reaction conditions. DNA size markers are in bp. b Endothelial cells exhibit significant group IVC PLA 2 activity. Whole cell homogenates were incubated with 14 C-AA-PC in the presence of calcium or EGTA. Cells were pretreated with the group IV and VI inhibitor methyl arachidonoyl fluorophosphonate (MAFP; 10 lM), the group VI inhibitor bromoenol lactone suicide substrate (BEL; 1 lM), or vehicle and release of 14 C-labeled arachidonic acid measured as described in ''Materials and methods''. *Significantly different from results obtained in the absence of inhibitor. P \ 0.05; n = 3 Arch Toxicol (2011) 85:623-634 631 1995). Further, reactive oxygen species are produced during cellular metabolism of PAHs (Kerzee and Ramos 2000) , and oxygen radicals induce apoptosis of endothelial cells (Hermann et al. 1997 ) and activate the group IVC enzyme via a tyrosine phosphorylation pathway (Asai et al. 2003) . The ability of PAHs to interact with other receptors or proteins involved in the activation of PLA 2 should be considered. For instance, PAHs bind steroid hormone receptors and glycine N-methyltransferase (Bhat and Bresnick 1997; Chang and Liao 1987) . PLA 2 activation and apoptosis may also be related to the lipophilicity of PAHs. Because of their fat solubility, PAHs may enhance the interaction of PLA 2 enzymes with their respective substrates. Other lipophilic compounds, such as arachidonic acid, have been shown to facilitate assembly of protein complexes (Dana et al. 1994) . Arachidonic acid induces a conformational change in NADPH oxidase, enabling proper assembly of the enzyme complex responsible for the production of superoxide anion (Dana et al. 1994; Tithof et al. 1998 ).
Cigarette smoke contains many of the PAHs commonly found in urban pollution. The Honolulu Heart Program, which began in 1968, provided a 20-year prospective study of 8,006 Japanese-American men aged 45-65. Of relevance was the finding that morbidity and mortality due to cardiovascular disease in this group of men was reduced by 50% in smokers who consumed diets rich in omega-3 fatty Western blot analysis of PARP and caspase-3 cleavage in aorta from feral mice trapped from the Superfund site or control site. PARP cleavage was assessed from mice taken from the control site (a) and from the Superfund site (b). c demonstrates the cleavage of caspase-3 from mice inhabiting the superfund site vs. the control site. Lanes 1-3 are representative of aortic tissue from mice from the Superfund site, and lanes 4-6 are from control mice. These blots are representative of 10 mice from each site acids, compounds that inhibit the AA cascade at multiple levels (Rodriguez et al. 1996) . The Honolulu Heart Project is one of several studies (Goodnight 1994; McCarty 1996; Ridker et al. 1997 ) linking toxic chemicals in cigarette smoke such as PAHs, PLA 2 /AA activation, and cardiovascular disease. This relationship is worthy of continued investigation.
